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Regulation of cell adhesion and cell signaling by b-catenin occurs through a mechanism likely involving the
targeted degradation of the protein. Deletional analysis was used to generate a b-catenin refractory to rapid
turnover and to examine its effects on complexes containing either cadherin or the adenomatous polyposis coli
(APC) protein. The results show that amino-terminal deletion of b-catenin results in a protein with increased
stability that acts in a dominant fashion with respect to wild-type b-catenin. Constitutive expression in AtT20
cells of a b-catenin lacking 89 N-terminal amino acids (DN89b-catenin) resulted in severely reduced levels of
the more labile wild-type b-catenin. The mutant b-catenin was expressed at endogenous levels but displaced
the vast majority of wild-type b-catenin associated with N-cadherin. The DN89b-catenin accumulated on the
APC protein to a level 10-fold over that of wild-type b-catenin and recruited a kinase into the APC complex.
The kinase was highly active toward APC in vitro and promoted a sodium dodecyl sulfate gel band shift that
was also evident for endogenous APC from cells expressing the mutant b-catenin. Unlike wild-type b-catenin,
which partitions solely as part of a high-molecular-weight complex, the DN89 mutant protein also fractionated
as a stable monomer, indicating that it had escaped the requirement to associate with other proteins. That
similar N-terminal mutants of b-catenin have been implicated in cellular transformation suggests that their
abnormal association with APC may, in part, be responsible for this phenotype.

Mutations in the adenomatous polyposis coli (APC) tumor
suppressor gene have been identified in the vast majority of all
cancers of the colon (6, 12, 14, 18, 23, 31). In the progression
of sporadic tumors, APC mutations occur very early (31) and
have been detected even in the earliest noticeable precursor to
cancer, called aberrant intestinal crypt foci (11, 36). Individuals
who inherit a mutant copy of APC present hundreds to thou-
sands of colonic polyps by age 20 or 30, and without surgery,
malignancies invariably ensue (4). The function of the APC
gene is unknown, but it is presumed to possess growth-control-
ling properties that are lost because of mutations resulting in
premature polypeptide chain termination (reviewed in refer-
ence 30). These deletions generally result in the loss of both
the carboxyl-terminal region that interacts with microtubules
(21, 37) and a portion of the centrally located region that can
bind to and promote the down-regulation of b-catenin (21). As
b-catenin is thought to control cell adhesion and possibly cell
signaling events, loss of its regulation by APC may contribute
to abnormal cell growth.
Several lines of evidence suggest that the regulation of

b-catenin may be critical to cell growth control and differen-
tiation. The wnt-1 oncogene promotes tumor formation in mu-
rine mammary gland (38), and its ectopic expression in cell
culture results in the stabilization and accumulation of g- and
b-catenins (3, 9). Mutated forms of b-catenin have also been
identified in cancer cells (13, 24), and one deletion mutant,
identified by expression cloning, was reported to transform
NIH 3T3 cells (39). Studies with Drosophila melanogaster and
Xenopus laevis suggest that b-catenin, or its homolog, arma-
dillo, not only is required for cadherin-mediated cell adhesion
but also plays a direct role in signal transduction essential to

cell fate determination (5, 8, 28). In D. melanogaster, these
differentiation events correlate tightly with the accumulation of
armadillo in the cell cytoplasm (29). Thus, accumulation of
b-catenin in mammalian cells may contribute to cellular transfor-
mation in a manner independent of its effects on cell adhesion.
We have shown previously that lysates from cells expressing

wild-type APC contain b-catenin that exists entirely as part of
a high-molecular-weight complex (19) and is unavailable for
association with exogenously added APC protein (33). By con-
trast, cells containing mutant APC, such as the colorectal can-
cer cell line SW480, contain a fraction of uncomplexed b-cate-
nin which probably represents a cytoplasmic pool (19).
Introduction of wild-type APC into SW480 cells results in the
elimination of the cytoplasmic b-catenin observed by immuno-
fluorescence and in a reduction of the uncomplexed fraction
detected by size exclusion chromatography (19). This reduc-
tion in free b-catenin levels following APC expression occurs
through a posttranslational process that affects the half-life of
the protein. A posttranslational process was also determined as
the mechanism by which the wnt-1 oncogene promotes the
accumulation of b-catenin (9). Therefore, regulation of b-cate-
nin protein stability may represent a mechanism by which the cell
controls the intracellular distribution and amount of b-catenin
and thereby its availability for interaction with protein targets.
Proteins with high turnover rates are likely to be key regulators of
intracellular functions that are controlled by specific targeted deg-
radation of the regulatory protein. Asb-catenin appears to fit this
description, we sought to identify and eliminate the specific
polypeptide structure that is required for its rapid turnover and to
examine the consequences of such a mutant for b-catenin com-
plexes containing cadherin and APC.

MATERIALS AND METHODS

Cell lines. The SW480 cell line was obtained from the American Type Culture
Collection (ATCC CCL228) and is a human colon cancer cell line. AtT20 cells
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(ATCC CCL89) are a murine pituitary tumor cell line and were obtained from
Jackie Papkoff (Sugen Corporation).
Immunochemical procedures. (i) Antibodies. Antibodies to APC were raised

in rabbits against two distinct purified recombinant fragments (APC2 and APC3)
and then purified with the recombinant APC proteins immobilized on affinity
supports (33). Three different antibodies to b-catenin were used as indicated:
b-cat-C, rabbit polyclonal serum raised against a 15-amino-acid peptide based on
the C-terminal sequence of b-catenin (9); b-cat-N, rabbit polyclonal serum raised
against a glutathione S-transferase fusion protein containing amino acids 6 to 138
of Xenopus b-catenin (16); and b-cat-FL, affinity-purified rabbit polyclonal an-
tibody raised against the purified full-length b-catenin protein produced with the
baculovirus-sf9 cell system. Antibody to a-catenin is a rabbit polyclonal serum
raised against full-length a-catenin protein produced with the baculovirus-sf9 cell
system. Antibody to N-cadherin is a mouse monoclonal antibody raised against
the human N-cadherin cytoplasmic domain and was generously provided by
Margaret J. Wheelock (University of Toledo, Toledo, Ohio). Antibody to the
Glu-Glu epitope tag is a mouse monoclonal antibody raised against the Glu-Glu
peptide sequence derived from T antigen (7) and partially purified on DE-52
cellulose.
(ii) Immunoblotting. All sodium dodecyl sulfate (SDS)-polyacrylamide gel

electrophoresis (PAGE) was performed with the Novex gel system (San Diego,
Calif.) with either 6 or 8% polyacrylamide gels, except for the experiment whose
results are shown in Fig. 9, in which a 4% gel was used. All electroblotting was
performed in Tris-glycine (25 mM/192 mM) buffers for 1 to 2 h at 300 mA
constant current with polyvinylidene difluoride filter membranes. The mem-
branes were blocked with powdered milk solution and incubated overnight with
the indicated antibodies diluted in phosphate-buffered saline containing 0.05%
Tween 20 and 1% bovine serum albumin. All polyclonal sera were used at a
1/1,000 dilution, and purified antibodies were used at 0.2 mg/ml. Blots were
washed and then developed with either the enhanced chemiluminescence (ECL)
system (Amersham) or 125I-protein A at 0.5 mCi/ml (Amersham) for 1 h at room
temperature.
(iii) Immunoprecipitations. Cells were lysed in Triton X-100 lysis buffer (20

mM Tris-HCl [pH 8.0], 1.0% Triton X-100, 140 mM NaCl, 10% glycerol, 1 mM
EGTA [ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid], 1.5
mM MgCl2, 1 mM dithiothreitol, 1 mM sodium vanadate, 50 mM NaF, 1 mM
Pefabloc, 10 mg each of aprotinin, pepstatin, and leupeptin per ml), and lysate
containing 750 mg of total protein was incubated with the appropriate antibody
for 2 h at 48C. Antibodies were recovered with protein A- or G-Sepharose, and
the beads were then washed three times with 1 ml each of buffer B (20 mM
Tris-HCl [pH 8.0], 150 mM NaCl, 0.5% Nonidet P-40) and finally eluted with
SDS-PAGE sample buffer. For APC, 2 mg of affinity-purified anti-APC2 anti-
body was used for each immunoprecipitation, and for N-cadherin, 200 ml of
hybridoma supernatant was used. Glu-Glu immunoprecipitations were carried
out with anti-Glu-Glu antibody covalently coupled to protein G-Sepharose.
(iv) Immunofluorescence. The procedure for fixation and staining of cells with

catenin antibodies has been described elsewhere (19). AtT20 cells were fixed
with methanol. N-cadherin staining was performed with a mouse monoclonal
antibody (Margaret Wheelock, University of Toledo) raised against the cytoplas-
mic domain of human N-cadherin. All micrographs presented were generated by
a Zeiss Axiovert 100 TV microscope equipped with a cooled charge-coupled
device camera.
(v) Quantitative immunoblotting. Radioactivity on immunoblots developed

with 125I-protein A was quantitated by b-scanning with an Ambis 4000 b scanner.
Molar amounts were calculated from protein mass determined with a standard
curve consisting of 1, 10, 50, and 100 ng of each purified catenin applied to the
same gel and assuming a molecular mass of 95 kDa for b-catenin, 82 kDa for
DN89b-catenin, and 102 kDa for a-catenin. In these experiments, the b-cat-C
antibody was used.
Construction and expression of cDNAs. All b-catenin cDNA constructs were

derived from the full-length cDNA cloned from a human fetal brain library as
described previously (34). For mammalian expression, the b-catenin fragments
were subcloned into CMV neo Bam Glu, a derivative of CMV neo Bam (2) in
which the polylinker was replaced with a synthetic linker engineered to encode
an initiating methionine, the Glu-Glu epitope tag, and a multiple cloning site
containing several unique restriction enzyme sites. The following b-catenin frag-
ments were subcloned in frame: the b-catenin AccI-NotI fragment (for full
length), the b-catenin DN89 XhoI-NotI fragment (codons 90 to 781), the b-cate-
nin DN150 (Acc-NotI) fragment (codons 150 to 781), the b-catenin DC AccI-
EcoRV fragment (codons 1 to 710), the b-catenin 59 AccI-EcoRI fragment
(codons 1 to 423), and the b-catenin 39 EcoRI fragment (codons 423 to 781).
For transient transfection in SW480 cells, the Lipofectin (Bethesda Research

Laboratories) procedure previously described for expression of APC constructs
was followed (19). For the generation of stable cell lines, AtT20 cells were seeded
in six-well plates at 3.0 3 105 cells per well and transfected with 10 ml of
Lipofectamine reagent (Gibco BRL) in Dulbecco modified Eagle medium with-
out serum according to the manufacturer’s instructions. Two micrograms of the
CMV neo Bam Glu plasmid containing cDNA coding for the indicated b-catenin
construct or empty vector was used for each transfection. The following day, the
medium was changed to Dulbecco modified Eagle medium with serum, and the
cells were allowed to recover 1 day before analysis for transient expression or for

selection in G418 (400 mg/ml) for production of stable cell lines. After 3 or 4
weeks in G418, the clones were isolated and analyzed for b-catenin expression.
Size exclusion chromatography. Size exclusion chromatography was per-

formed with a Waters model 650E fast protein liquid chromatography system
interfaced with a Superose 12 HR 10/30 column (Pharmacia) equilibrated in 25
mM Tris (pH 8.0)–0.25 M NaCl–0.1% Nonidet P-40–1 mM dithiothreitol–10 mg
each of pepstatin and leupeptin per ml. Cells were harvested by scraping, pel-
leted by centrifugation, and lysed in a 53 volume of Triton X-100 lysis buffer.
Following ultracentrifugation, the supernatants were adjusted to 2.5 mg of total
protein per ml with lysis buffer and 300 ml was injected onto the column.
Chromatography was performed at 48C at a flow rate of 0.5 ml/min, and fractions
of 0.5 ml each were collected. Twenty microliters of each fraction was analyzed
by SDS-PAGE and immunoblotting as described above.
In vitro kinase reactions. Immunoprecipitations of b-catenin were performed

with 2 mg of affinity-purified anti-b-catenin (b-cat-FL) and cell lysate containing
approximately 1 mg of total protein. Immunoprecipitates were washed twice with
1 ml each of buffer B and once more with 1 ml each of kinase assay buffer (25 mM
Tris [pH 7.5], 5 mM MgCl2, 1 mM dithiothreitol, 4% glycerol) and then resus-
pended in 30 ml of kinase assay buffer containing 50 mM [g-32P]ATP (10,000
cpm/pmol) and 0.25 mg each of purified APC25 protein. This protein encodes
amino acids 1342 to 2075 of wild-type APC and was produced and purified from
recombinant sf9 cells by Glu-Glu immunoaffinity chromatography. The purified
APC25 was first dephosphorylated with lambda phosphatase (New England
Biolabs), then phosphorylated by protein kinase A, and finally repurified. Pre-
phosphorylation by protein kinase A was essential to observe the band shift on
phosphorylation by the immunoprecipitates. The reactions were incubated at
308C for 30 min and terminated by the addition of 12 ml of 43 SDS-PAGE
sample buffer followed by heating to 958C for 5 min. Ten microliters of each
sample was applied to the gel, and following electrophoresis, the proteins were
electroblotted to polyvinylidene difluoride filters and the filters were exposed to
X-ray film.
In vitro binding analysis. For binding of purified proteins to proteins pro-

duced by in vitro translation, the indicated cDNAs were first transcribed and
translated in vitro in the presence of [35S]methionine with the TNT coupled
wheat germ system (Promega). One microgram of purified recombinant a-cate-
nin, rapGAP, or APC2 (33) was added to 25 ml of precleared lysate along with
10 ml of protein A-Sepharose and antibody specific to the Glu-Glu epitope
present on each of the purified proteins. Following a 2-h incubation with rocking
at 48C, the beads were washed three times with 1 ml each of buffer B, eluted with
15 ml of SDS-PAGE sample buffer, and subjected to SDS-PAGE and fluorog-
raphy.

RESULTS

Deletional analysis of b-catenin. To identify the region of
b-catenin required for its degradation, we measured the rela-
tive ectopic expression levels of various b-catenin deletion
mutants in two distinct cell lines. One of the cell lines, AtT20,
exhibits a rapid turnover of endogenous b-catenin with a half-
life of less than 1 h (9). In this cell line, a significant advantage
in relative expression levels should be achieved if structure
relevant to b-catenin degradation is deleted. By contrast,
b-catenin in SW480 cells exhibits a half-life on the order of
several hours (19), and therefore, deletions affecting its deg-
radation should not affect its expression levels as significantly
as in the AtT20 cells. The SW480 cell line provides a reference
by which to compare the relative expression levels of b-catenin
observed in the AtT20 cell line. Expression levels were exam-
ined by quantitative immunoblotting with a mixture of two
b-catenin antibodies, one specific to the C terminus and the
other specific to the N terminus. Relative to DN89b-catenin,
the levels of wild-type catenin and DCb-catenin were dramat-
ically reduced when their expression in SW480 cells was com-
pared with that in AtT20 cells (Fig. 1). Although detection of
the 59 product was marginal, its levels appeared not to deviate
relative to DN89b-catenin. Expression of the 39 construct re-
sulted in barely detectable levels of product even in the SW480
cell line and was therefore not informative. These results sug-
gested that DN89b-catenin, in particular, was relatively resis-
tant to degradation in the AtT20 cell line compared with the
full-length or DCb-catenin proteins.
Stability and size fractionation of DN89b-catenin. To fur-

ther investigate the turnover of DN89b-catenin, stable expres-
sion of the cDNA was established in the AtT20 cells. Previous
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attempts at generating stable clones expressing wild-type
b-catenin were unsuccessful, but three clones expressing ample
amounts of DN89b-catenin were obtained (Fig. 2). All three of
the clones exhibited low levels of wild-type b-catenin com-
pared with vector controls. One of the clones expressing high
levels of DN89b-catenin, clone 7, was examined further by
pulse-chase analysis to assess the stability of b-catenin. Control

cells carrying vector only, or the clone 7 cells expressing
DN89b-catenin, were pulse-labeled with [35S]methionine and
then chased with cold methionine for the indicated times.
Immunoprecipitation of total b-catenin was carried out on
lysates from each of the time points, and radiolabeled b-cate-
nin was detected by autoradiography of SDS-polyacrylamide
gels. The wild-type endogenous b-catenin present in both the
vector control cells and clone 7 cells decayed with approxi-
mately equivalent half-lives, whereas the DN89b-catenin was
considerably more stable (Fig. 3). These results show that
DN89b-catenin is less prone to degradation in vivo and that
this is not simply due to its overexpression, because the decay
of endogenous b-catenin in this same cell was unaffected. Im-
munoblotting analysis of these same samples was performed by
ECL detection to demonstrate that each time point from a set
of samples contained approximately equal amounts of b-cate-
nin (Fig. 3).
We have previously noted that, in lysates from cells express-

ing wild-type APC, b-catenin was present only in a high-mo-
lecular-weight complex, presumably in association with cad-
herins (19). By contrast, monomeric b-catenin was detected in
lysates from cells with mutant of APC (19). The AtT20 cells
contain wild-type APC, and accordingly, their lysates contain
only the complexed, high-molecular-weight pool of b-catenin
(27). One interpretation is that the expression levels of wild-
type b-catenin are dependent upon the levels of cadherin avail-
able for association and that b-catenin, when expressed in
excess of cadherins, is rapidly degraded. It would follow that
the escape from rapid degradation would permit the accumu-
lation of a free pool of b-catenin. We therefore performed size
fractionation on lysates from control cells or cells expressing
DN89b-catenin to examine the distribution of b-catenin. As
expected, the wild-type endogenous b-catenin was observed
only in the high-molecular-weight fraction (Fig. 4). However,
the DN89b-catenin was present both in a complexed and in a
monomeric form. These results suggest that an uncomplexed
pool of b-catenin can be achieved either by mutation of APC,

FIG. 1. Deletional analysis of b-catenin. Full-length b-catenin and four de-
letion mutants are represented schematically at top with armadillo repeat se-
quences shown as shaded rectangles and the engineered Glu-Glu epitope tag
shown as GG. Following transient expression in either SW480 cells or AtT20
cells, the proteins were recovered from protein-normalized cell lysates by immu-
noprecipitation with anti-Glu-Glu and analyzed by SDS-PAGE and immuno-
blotting. Blots were developed with a mixture of two b-catenin antibodies,
b-cat-C and b-cat-N (see Materials and Methods), and detection was with 125I-
protein A. Autoradiograms presented at right were quantitated by b-scanning to
generate the corresponding histograms. Note: The mutants react differentially
with the antibodies and cannot be compared quantitatively with each other in this
experiment.

FIG. 2. Analysis of DN89b-catenin stably expressed in AtT20 cells. Three
AtT20 cell lines stably expressing DN89b-catenin (clones 1, 7, and 8) were
compared with the parent (P) and two cell lines carrying empty vector (clones 3
and 5) by Western blotting (immunoblotting) analysis of protein-equivalent
amounts of cell lysate. The blot was reacted with the b-cat-C antibody, and
125I-protein A was used for detection. The numbers at the right indicate positions
and molecular sizes of standard proteins in kilodaltons.

FIG. 3. Pulse-chase analysis. Cells carrying empty vector (cl.3) or expressing
DN89b-catenin (cl.7) were labeled with [35S]methionine and lysed at the indi-
cated times following the addition of excess cold methionine. b-Catenin was
recovered by immunoprecipitation with the b-cat-C antibody, and the precipi-
tates were analyzed by autoradiography (left panel) or immunoblotting with
anti-b-catenin (right panel). The autoradiogram was quantitated by b-scanning,
and radioactive catenin was plotted as percent remaining relative to time zero.
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which presumably affects the degradation system, or by circum-
venting degradation through removal of amino-terminal se-
quence from b-catenin.
APC and cadherin complexes from cells expressing wild-

type catenin and DN89b-catenin. The appearance of DN89b-
catenin in the high-molecular-weight complex observed by size
exclusion chromatography suggests that it is fully competent to
associate with N-cadherin. This is in agreement with previous
reports on the association of mutant b-catenins with E-cad-
herin (1, 5, 10, 34). Accordingly, high levels of DN89b-catenin
were detected in immunoprecipitates of N-cadherin (Fig. 5).
However, the total amount of b-catenin (DN89 plus wild type)
remained relatively constant compared with controls, resulting
in a significant reduction in the amount of wild-type b-catenin
associated with N-cadherin. As a-catenin binds indirectly to
cadherin through its association with b-catenin (1, 5, 10, 34),
we also measured the amounts of a-catenin in the cadherin

complexes. Little difference in the amount of a-catenin coim-
munoprecipitated by N-cadherin antibodies was seen between
control and DN89b-catenin cells (Fig. 5). This suggests that,
although the binding site for a-catenin resides in the amino-
terminal region preceding the armadillo repeats (1, 10, 34), it
is not deleted by removal of the first 89 residues. That DN89b-
catenin retains its ability to bind a-catenin was confirmed by in
vitro binding analysis. In this experiment, full-length b-catenin
and two different mutants deleted at the amino terminus,
DN89 and DN150, were translated in vitro and tested for bind-
ing to purified a-catenin. Their ability to bind APC protein
and, as a control, rapGAP protein, was also tested. a-Catenin
affinity precipitated both the full-length catenin and DN89b-
catenin, but as previously demonstrated with the Saccharomy-
ces cerevisiae two-hybrid format (34), the DN150b-catenin did
not associate with a-catenin (Fig. 6). The APC protein frag-
ment associated with all of the b-catenins. These results dem-
onstrate that the amino acid residues between 90 and 150 of
b-catenin are critical for its binding to a-catenin.
The above results suggest that, in spite of the overexpression

of DN89b-catenin, the cadherin present in these cells may still
be competent to interact with the cytoskeleton through its
association with a-catenin. Examination of the subcellular lo-
calization of a-catenin and N-cadherin by immunofluorescence
also indicated that a-catenin and N-cadherin were localized to
sites of cell-to-cell contact in cells expressing DN89b-catenin
(Fig. 7).
We next examined the effects of DN89b-catenin on APC-

catenin complexes. In contrast to cadherin complexes, there
was no effect on the amount of wild-type b-catenin associated
with APC, which appeared quite low in both control cells and
those expressing DN89b-catenin (Fig. 8). However, the total
amount of b-catenin (DN89 plus wild type) associated with
APC was increased over 10-fold in the cells expressing DN89b-
catenin compared with controls. Interestingly, this did not re-
sult in any increase in the amount of a-catenin associated with
APC, even though DN89b-catenin binds a-catenin. We also
noted that the APC immunoprecipitated from cells expressing
DN89b-catenin appeared to exhibit a lower mobility on SDS-
polyacrylamide gels. This was readily apparent when lysates
were electrophoresed on 4% polyacrylamide gels (Fig. 9). As
alterations in gel mobility are frequently correlated with phos-
phorylation, we immunoprecipitated the APC protein and
treated it with protein phosphatase in vitro. This treatment
increased the mobility of APC recovered from both the cells

FIG. 4. Size fractionation of wild-type catenin and DN89b-catenin. Size ex-
clusion chromatography was performed on lysates (750 mg of total protein) from
cells carrying empty vector (cl.3, wt) or expressing DN89b-catenin (cl.7, DN), and
the fractions were analyzed by quantitative immunoblotting with the b-cat-C
antibody specific to b-catenin. Autoradiograms developed with 125I-protein A
are presented in the inset, and the radioactivity quantitated from catenin in each
lane is shown plotted below the corresponding fractions on the chromatogram.

FIG. 5. Analysis of N-cadherin–catenin complexes. Immunoprecipitation of
N-cadherin was performed on protein-equivalent lysates from parent (P) AtT20
cells, two cell lines carrying empty vector (clones 3 and 5), and three cell lines
stably expressing DN89b-catenin (clones 1, 7, and 8). Immunoprecipitates were
analyzed by SDS-PAGE and immunoblotting with antibodies specific to a-cate-
nin or the b-cat-C antibody to b-catenin. The molar amounts of a-catenin (black
bars), wild-type b-catenin (shaded bars), and DN89b-catenin (white bars) were
estimated by quantitative immunoblotting (see Materials and Methods) with the
blots presented at the right.

FIG. 6. In vitro binding analysis of full-length catenin and DN89b-catenin.
cDNAs coding for full-length b-catenin (FL) and two different b-catenin dele-
tion mutants lacking either amino acids 1 to 89 (DN89) or 1 to 150 (DN150) were
transcribed and translated in vitro by the wheat germ lysate TNT system. Lysates
containing the 35S-labeled catenins were incubated with either purified a-catenin
(a-cat.), an APC fragment (APC2), or, as a control, rapGAP (RG). The purified
proteins were recovered by immunoprecipitation and analyzed for bound radio-
active b-catenin by SDS-PAGE and fluorography.
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expressing DN89b-catenin and control cells, such that their
mobilities appeared approximately equal (Fig. 9).
In vitro phosphorylation of APC by b-catenin immunocom-

plexes. The hyperphosphorylation of APC in the DN89b-cate-
nin cells may be a direct consequence of the accumulation of

b-catenin on the APC protein. We reasoned that this could be
due to the recruitment of an active APC-kinase into the com-
plex. To test this, we immunoprecipitated b-catenin and exam-
ined the immunocomplexes for kinase activity toward a frag-
ment of purified recombinant APC. This fragment, termed
APC25, represents the central region of the full-length protein
and undergoes phosphorylation in vivo (20). Immunoprecipi-
tates from cells expressing DN89b-catenin phosphorylated
both the wild-type APC contained in the immunoprecipitate
and the APC25 fragment added as substrate to the reaction
mixture (Fig. 10). Phosphorylation of wild-type APC was not
detected with immunoprecipitates from control cells, although
this might be expected given the lower levels of b-catenin
bound to APC in these cells (Fig. 7). However, it was apparent
from the phosphorylation of the exogenous APC25 substrate
that the immunocomplexes from cells expressing DN89b-cate-
nin contained significantly more APC kinase activity than those
from controls (Fig. 10). Also, the APC25 substrate was band-
shifted slightly following phosphorylation by immunocom-
plexes from the DN89b-catenin cells relative to controls. These
results demonstrate that an APC kinase is associated with the

FIG. 7. Immunofluorescent staining of catenins and N-cadherin. AtT20 cells
carrying empty vector (cl.3) or expressing DN89b-catenin (cl.7) were fixed and
stained with antibody specific to either a-catenin, b-catenin (b-cat-FL), or N-
cadherin. Detection was with fluorescein isothiocyanate-conjugated goat anti-
rabbit antibody for a- and b-catenins and donkey anti-mouse antibody for N-
cadherin. Each frame width is approximately 80 mm.

FIG. 8. Analysis of APC-catenin complexes. The molar amounts of catenins
coimmunoprecipitated with antibody specific to APC are shown in the histogram.
The corresponding immunoblots are presented as the autoradiograms at right.
The analysis was performed exactly as described for Fig. 5 for N-cadherin im-
munoprecipitates.

FIG. 9. Electrophoretic mobility of APC protein in cells expressing DN89b-
catenin. Triton X-100 lysates (100 mg of total protein) from the clone 3 control
AtT20 cells (C) or the clone 7 cells expressing DN89b-catenin (DN) were directly
subjected to SDS-PAGE and immunoblotting (lysate). Immunoprecipitates of
APC from the same lysates were analyzed either directly (IP) or following
incubation with lambda phosphatase (IP 1 Ptase). The blot was developed with
antibody specific to APC, and detection was by ECL.

FIG. 10. In vitro kinase assay of b-catenin immunoprecipitates. b-Catenin
immunoprecipitates from cells expressing DN89b-catenin (clones 1 and 7) or
carrying empty vector (clones 3 and 5) were washed and then incubated in kinase
buffer containing [g-32P]ATP and 0.25 mg each of a purified APC protein frag-
ment (APC25). Reactions were terminated by addition of SDS-PAGE sample
buffer, and the samples were subjected to electrophoresis and then electroblotted
onto a polyvinylidene difluoride filter membrane. Following autoradiography
(autoradiogram), the membranes were reacted with antibody to APC (anti-APC)
and b-catenin (anti-b-cat.) and then developed by ECL. The numbers at far left
indicate positions and molecular sizes of standard proteins in kilodaltons. Wild-
type APC (wtAPC) is also indicated.
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b-catenin–APC complex and suggest that this kinase is respon-
sible for the hyperphosphorylation of endogenous APC ob-
served in the cells expressing DN89b-catenin.

DISCUSSION

It is becoming apparent that b-catenin, originally regarded
as a cell adhesion molecule (17, 22, 25), may have additional
functions that involve its association with substrates other than
cadherins. In development of Xenopus embryos, downregula-
tion of b-catenin by antisense expression interferes with the
induction of mesoderm (8). This cannot be easily explained by
inferring a reduction in cadherin-catenin complexes because
overexpression of full-length cadherin itself produces this same
phenotype (8). Additional studies with X. laevis have shown
that b-catenin mutants which lack the capacity to bind a-cate-
nin, and therefore should not function in junctional complexes,
retain the ability to signal for dorsalization in the development
of the embryo (5). In Drosophila development, the accumula-
tion in the cytoplasm of the b-catenin homolog armadillo is an
outcome of wingless signaling leading to transcription and cell
fate determination (29, 35). In this system, as in X. laevis,
deletion mutants of armadillo–b-catenin that cannot bind
a-catenin are nonetheless competent to signal for cell fate
determination (28). Finally, ectopic expression of an amino-
terminal deletion mutant of b-catenin in NIH 3T3 fibroblasts
results in their transformation (39). These observations, along
with the findings that the wnt-1 proto-oncogene promotes the
stabilization and accumulation of b-catenin (9) and its ho-
molog plakoglobin (3), suggest that the control of b-catenin
levels and its distribution is an important event in cell growth
control. That the artificially stabilized DN89b-catenin can
mimic some of the wnt-1 effects has already been noted for
mammalian epithelial cells stably expressing this mutant.
These cells assume an altered morphology resembling that
observed on expression of wnt-1 (26).
In this study, we attempted to create a setting in which

b-catenin is immune to rapid turnover by eliminating specific
protein structure required for this process. One of our objec-
tives was to determine whether a stabilized mutant b-catenin
would display any of the characteristics noted for wild-type
b-catenin when present in a cell either with mutant APC or
stimulated by the wnt-1 oncogene. These characteristics in-
clude a prolonged half-life, the distribution of the protein into
an uncomplexed pool, and its accumulation on the APC pro-
tein (9, 19, 27). All of these criteria were met by the DN89b-
catenin. We propose that the presence of b-catenin in an
uncomplexed form is an indication that its level has exceeded
that of cadherin and a-catenin and also that it is no longer
subject to rapid turnover. This, in turn, leads to its increased
accumulation on protein targets in addition to cadherins. One
of these targets is the APC protein. Accordingly, cells express-
ing DN89b-catenin contained 10-fold-higher levels of b-cate-
nin (wild type plus DN89) associated with APC than did con-
trol cells. By contrast, the total level of b-catenin associated
with cadherin was not appreciably changed by expression of
DNb-catenin. This indicates that the capacity of cadherin to
bind catenin may be near saturation in the control AtT20 cells,
whereas specialized circumstances, presumably involving the
stabilization of monomeric b-catenin, are required for the
maximal loading of APC with b-catenin.
Multiple sites for b-catenin binding are present throughout

the central region of the wild-type APC protein and could
conceivably allow for superstoichiometric binding. However,
some of these sites map to regions of APC previously shown to
promote the downregulation of b-catenin when introduced

into the SW480 colon cancer cell line (19). Therefore, under
normal circumstances b-catenin may not be able to stably as-
sociate with all potential binding sites, since some of these
might promote its turnover. However, when presented with a
mutant b-catenin refractory to degradation, these binding sites
may serve only as binding sites and thus permit the stable
accumulation of high levels of b-catenin on APC. One conse-
quence of this high-level association is the hyperphosphoryla-
tion of APC. Our results indicate that this is the outcome of the
direct recruitment of an APC kinase activity into the APC–b-
catenin complex. We have recently found that glycogen syn-
thase kinase 3 b binds APC in vivo and that phosphorylation of
the central region of APC by glycogen synthase kinase 3 b in
vitro promotes the binding of b-catenin (32). This suggests that
the hyperphosphorylation of APC observed in the DN89b-
catenin-expressing cells is responsible for the high levels of
associated b-catenin and that glycogen synthase kinase 3 bmay
be involved in this response. This is particularly interesting as
the wingless gene, the Drosophila homolog of wnt-1, is thought
to regulate armadillo (b-catenin) levels through a signaling
pathway involving a glycogen synthase kinase 3 homolog (28,
35).
Under normal circumstances, how does the cell establish the

appropriate steady-state level of b-catenin? One clue might lie
in the observation that all of the b-catenin present in the
control cells exists in a high-molecular-weight complex. This
suggests that the stabilization of an otherwise labile mono-
meric b-catenin could occur through its association with other
proteins such as cadherin and a-catenin. Indeed, the steady-
state levels of both b-catenin and its homolog plakoglobin were
dramatically increased by ectopic expression of cadherins in
cells otherwise lacking these proteins (15). Therefore, the
steady-state levels of b-catenin are in part dependent upon
cadherin expression. a-Catenin may also stabilize b-catenin,
particularly since its binding site lies in close proximity to the
region that we have found to be important for rapid turnover.
Thus, the stability of b-catenin may be determined both by the
amount of cadherin and a-catenin available for association and
by the relative activity of the mechanism employed for its
targeted degradation. This model predicts that uncomplexed
b-catenin will not reach significant levels in the cell without
prior inactivation of the degradation mechanism. This could be
accomplished either by mutation of APC, stimulation of cells
by wnt-1, or deletion of specific amino-terminal sequence from
b-catenin. In any of these settings, b-catenin will be stabilized,
and if its expression level exceeds the capacity of cadherin
available to it, it will accumulate as a free protein.
The above scenario implies that a deletion mutant of b-cate-

nin lacking amino-terminal structure would be particularly
hazardous with respect to growth control. Accordingly, trans-
fection of NIH 3T3 cells with library cDNA, followed by se-
lection of transformed colonies, resulted in the recovery of a
cDNA encoding a b-catenin lacking 173 amino-terminal resi-
dues (39). Moreover, a mutant b-catenin, lacking amino acids
28 to 134, was recently identified in the cell line HSC-39,
established from a stomach cancer (13, 24). Although these
mutations likely compromise a-catenin binding, our results
predict that they would also stabilize the resulting mutant
b-catenin and thereby promote its accumulation on the APC
protein. Therefore, the implications for mutation in b-catenin,
as it relates to cancer, may go beyond a simple loss-of-function
model in which cell adhesion is compromised.
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